The 
Introduction
Disturbed myocardial ionic transport mechanisms are critical components of arrhythmia-mediated sudden cardiac death [1] . Genetic [2] , cardiac-specific transcription factors (Nkx2. 5 and HF-1b) [3] , and a gap junction channel (connexin40) [4] [5] [6] [7] . Dysfunction of these ion transporters, channels and their associated proteins may affect membrane potential and conduction in cardiac myocytes, thus providing a substrate for arrhythmia [2] . Although chloride currents, such as the cAMP protein kinase A dependent currents [8, 9] , calcium-activated currents [10] [11] [12] [13] [14] and swelling-induced currents [10, 15] modify cardiac electrical activity, their effects on pathogenesis of cardiac arrhythmia are unclear. These chloride currents can contribute to action potential abbreviation as well as resting membrane potential depolarization, thereby increasing susceptibility to arrhythmias [16] . In guinea pig ventricular cells, activation of cAMP protein kinase A dependent chloride currents possibly originating from the cystic fibrosis transmembrane conductance regulator (CFTR) [17] modulates action potential duration and depolarizes the resting membrane potential in a chloride gradient-dependent manner [9] . Interestingly, these chloride channels are not uniformly distributed in all cardiac myocytes [16] .
CFTR encodes a cAMP-activated chloride channel, expressed mainly in epithelial cells of the respiratory and digestive tracts [18] . A splice variant of the epithelial CFTR transcript lacking exon 5 was detected in various mammalian heart preparations including rabbit [19] , guinea pig [20] , human, simian [21, 22] and mouse [23, 24] . In both guinea pig and rabbit ventricle, this current was reported to form a transmural gradient [25] that appears to be developmentally regulated [26] . CFTR was recently shown to play a role in ischemic preconditioning in isolated mouse hearts [27] . However, most cardiac chloride current studies undertaken to date have been restricted to isolated myocytes. Thus, the electrophysiological role of cardiac myocyte chloride currents in the intact heart remains obscure.
Transgenic mouse models can be valuable for studying gene function in hearts [28] [29] [30] [31] [32] [33] . We generated transgenic mice expressing the human CFTR gene that encodes a cAMP protein kinase A activated chloride channel. We show that these mice develop stress-related sudden death associated with atrioventricular conduction abnormalities and ventricular arrhythmia.
Materials and methods

Generation of pTREK18iTE CFTR transgenic mice
The plasmid construct used for generating transgenic mice was described previously [34] and transgenic mice were produced as described by Chow et al. [35] . A 6715bp Sap I-Drd I fragment from pTREK18iTE CFTRtag was used for microinjection and founder mice carrying the transgene were identified by PCR with TRE and cftr3'ss primers [34] 
Results
Transgenic mice exhibit cardiac CFTR overexpression
We generated transgenic mice using cytomegalovirus (CMV) minimum promoter to drive human CFTR gene expression (Fig. 1A) . (10-1, 10-1a and 9) exhibited high mortality, particularly male mice from lines 10-1 (62%) and 10-1a (80%) . We also detected a high level of CFTR expression in the hearts of animals experiencing sudden death (Fig. 1C) . These results suggest a correlation between sudden death and CFTR expression in the heart. 
Three founder lines (lines 9, 10 and 18) were generated with different copies of the CFTR gene confirmed by Southern blot analysis of genomic DNA isolated from mouse tails (Fig. S1A). Founder line 10 (a female) containing the transgene integrated in different chromosomal locations gave rise to three different types of progeny, named 10-1, 10-1a and 10b (Fig. S1B). Analysis of the genomic structure of 10-1 and 10-1a animals indicated that they differ in the number of tandem repeats of the transgene and the two lines resulted from a single integration followed by rearrangement events (FISH data not shown
Isoproterenol induces AV block and sudden death
In vivo intracardiac electrophysiology studies
As shown in (Fig. 3) Fig. 4A and B [8, 37, 38] . [41] .
period (AVNERP), AV node functional refractory period (AVNFRP) or atrial effective refractory period (AERP) (P ϭ NS, respectively). Ventricular effective refractory period (VERP) was determined by ventricular premature pacing in transgenic mice and wild-type littermates with no statistical difference. No ventricular arrhythmia was induced with overdrive pacing or programmed stimulation in either group of mice under baseline conditions. Within 5 min. of intraperitoneal isoproterenol injection (2 ng/g), both groups of mice demonstrated similar sinus acceleration. Wild-type littermates additionally showed more rapid AV conduction as well as abbreviated AERP and VERP (Table 2). In contrast, all the transgenic mice responded to isoproterenol ␤-adrenoreceptor stimulation with paradoxically prolonged PR intervals and widened QRS-T complexes
Phenotype is specific to CFTR overexpression
Male transgenic mice had a significantly higher spontaneous mortality rate than female mice. This could be due to different levels of stress hormones between males and females, and sex-dependent differences between the degrees of stress associated with fighting and mating. We did not observe any difference in human CFTR mRNA expression in heart tissues obtained from male and female transgenic mice (Fig. S3) . In human studies, women have a significantly lower level of stress hormone compared with men [42] . The sex steroid, oestrogen, might modulate the activity of the hypothalamo-pituitary-adrenal axis and the sympathetic nervous system [43] [44] [45] . High levels of stress hormones in male mice would result in cAMP-mediated up-regulation of CFTR channel activity.
Study limitations
Isoproterenol-induced changes in heart rhythm and conduction are assumed to have been attributable to cAMP-mediated CFTR activation. However, our experimental design did not permit exclusion of indirect effects such as vagally mediated conduction changes in response to isoproterenol-induced blood pressure alterations. Nevertheless, even at much higher doses than those employed in our study, isoproterenol given to C57BL6 mice exhibits either no significant acute blood pressure effects [46] , or else transient hypotension [47] which, if anything, would be expected to result in reflex tachycardia.
It is well known that CFTR regulates other ion channels [48, 49] 
